Introduction
The study area is situated around a crater 20 miles west of the island of Helgoland in the German Bight (Fig. 1) . The crater was formed in 1963 by a carbon dioxide eruption after a gas bubble had been hit during explorative drilling down to about 3000 m below the sea bed. This anthropogenic crater is an artificial structure in an area typically 34 m deep, the bottom of which is inhabited by an Amphiura filiformis association (Salzwedel et al. 1985; Thatje and Gerdes 1997) . This paper is an analysis of the crater's influence on the benthic regime. The questions to be answered are:
-How are the sedimentation rates in the crater? -How is the benthic association in the crater structured compared with the surrounding A. filiformis association? -Are meroplanktic larvae enriched in the crater? -What is the fate of new colonizers in the crater? -What is the effect of sedimentation on the benthic community in the crater?
There is evidence that this bottom anomaly affects the bentho-pelagic coupling by acting like a sediment trap, thus concentrating seston and plankton organisms. Even in the intensively investigated German Bight few studies have examined interaction between the pelagic and benthic regime. In the past, pelagic studies (Rees 1954; Dippner 1980 ) and studies of the benthos (Hagmeier 1925; Reineck et al. 1968; Stripp 1969; Salzwedel 1985; Thatje and Gerdes 1997) were performed separately, although there is general agreement that such benthicpelagic studies are needed to understand the whole ecosystem and changes in the benthic regime (e.g. Bosselmann 1989) .
Materials and methods

Area of investigation
The area under investigation (about 750 km 2 ) is situated in the vicinity of the Pleistocene Elbe River valley in the western part of the A. filiformis association, which is one of the most extended associations in the southern North Sea. In total 49 samples were obtained at 21 benthos stations in 1992, 1995 and 1996; 7 stations were situated directly in the "Figge-Maar", as the crater is often called (see Table 1 ). 
Fig. 1 Study area in the German Bight
Results
Structure of the crater
The bottom crater of the 'Maar' is about 400 m wide. It resulted from a carbon dioxide eruption during explorative drilling in 1963. First recorded depths of the crater were 65 m below sea level (Figge, personal communication) , while the surrounding area is around 34 m deep (Fig. 2) . Since our first investigation in 1981, depth in the crater decreased from 56 m to around 48 m. Accordingly, the structure of the crater influences sedimentation rates and hence the sediment composition (Fig. 3 ).
Sediment composition
Differences in the sediment composition inside the crater and the shallower surroundings in 1995 are shown in tained by two hauls at two crater stations with a multibox corer (each box covers 0.024 m 2 ); 5 samples were considered for macrofauna analyses, whereas the rest were used for surface sediment studies (upper 3 cm). Together with three other sediment stations, which were also taken with the multibox corer (three samples each) in the crater's vicinity, these samples provided the basis for a detailed sediment analysis (see Müller 1964; Thatje and Gerdes 1997) . Shear-stress measurements were performed with a Haake viscosimeter (Oebius 1983) in order to compare the sediment characteristics in the crater and its vicinity. In 1992 and 1996, macrobenthos samples were taken with a van Veen grab (covening 0.1 m -2 ) at 14 stations, 5 of which were situated in the crater. Biological samples were sieved over 0.5-mm mesh size and preserved in 4% hexamethylentetramine-buffered formalin prior to sorting in the laboratory. Benthic organisms were mainly identified to species level or eight taxonomic groups.
Biomass was determined as total wet weight. For the clustering procedure with the software package PRIMER (Clarke and Warwick 1994) , all species and taxonomic groups were considered with their abundances; colonial hydrozoans were used as one animal. The silt fraction in the crater is about 30%, in contrast to the surroundings where this fraction was almost negligible. There were also significantly higher proportions of small particle sizes in the sand fraction (Fig. 3 right) . Average shear stress was much lower in the crater (0.72; SD±0.78) than at the surrounding stations (7.44; SD±0.99), indicating the dominance of small particles and a high water content as well.
Biology
Cluster analyses showed that all crater stations were clearly separated from stations situated in the A. filiformis association area, with the exception of the slope station no. 8 in August 1995 (Fig. 4) .
Comparison of the composition of the macrozoobenthos in and outside the crater reveals distinct differences (Fig. 5) . The overall mean abundance outside is lower (4738 ind. m -2 ) compared to that inside (5204 ind. m -2 ), the same as for biomass, which is lower outside (214 g m -2 ) than inside (487 g m -2 ). Crater stations are characterized by an extremely high dominance of echinoderms (88.5%), twice that of the stations outside (44.2%), with the exception of Asterias rubens, which was only found in the vicinity of the crater. The high biomass value in the crater is due to the frequent occurrence of the heart urchin E. cordatum, which accounts for about 82% of the total biomass there. In contrast, polychaetes outside the crater had an abundance seven times that of inside, with 38.8% being long-lived sedentaria, such as L. conchilega, which are not as important in the crater (5.1% of the polychaete fraction). Seventeen species from the vicinity were never found in the crater (Table 2 ; 17% of all occurring species).
With regard to the bivalves, only short-lived forms, such as Montacuta ferruginosa, Mysella bidentata and Abra alba, were found in the crater, together with some juveniles of Spisula subtruncata. Specimens of the decapod Callianassa subterranea occurred regularly in the subsurface of muddy sediments in the A. filiformis association, but were absent in the crater. Phoronida contribute 9.3% of the macrobenthic composition outside as compared to 1.2% inside the crater. Some groups, such as Acrania, Sipunculida, Ostracoda and Pantopoda, occurring seldomly in the vicinity, were absent in the crater. Numbers above the bars represent total abundance values of the fraction and number of adults (x). Juv. A. filiformis < 3 mm in disc diameter; juv. Ophiura sp. < 2 mm in disc diameter; juv. E. cordatum < 5 mm in disc diameter; Asterias rubens < 2 mm in total. (C According to Thatje and Gerdes 1997) In August 1995 and again in 1996, echinoderms, especially juveniles of E. cordatum and A. filiformis, had increased in abundance inside the crater (Fig. 6) , while the compared areas were quite similar in June 1992.
In 1995, at station no. 7 high abundances of juvenile E. cordatum (685 ind. m -2 ) and A. filiformis (4856 ind. m -2 ; corresponding to 92% of the total abundance), were much higher than the overall means in the A. filiformis association area (E. cordatum: 38 ind. m -2 ). At the neighbouring station no. 8, situated on the crater's slope, juveniles of E. cordatum (6223 ind. m -2 ) dominated, making up 85.2% of total abundance and 97.5% of total biomass. In the centre of the crater (station 7) specimens of E. cordatum were smaller (mean individual weight of 0.03 g) compared to those on the slope station, where two size classes occurred (11 and 1 g). The mean individual weight (8.8 mg) of A. filiformis was similar at both stations. Table 3 presents a comparison between our data from July/August 1995 and those of the later investigation (September 1995) of Bischoff (1996) . In September higher abundances of juveniles of A. filiformis and Ophiura sp. occurred in the A. filiformis association area, while nearly the same numbers of adult A. filiformis and E. cordatum were found. Only juveniles of E. cordatum were more abundant in July/August.
Discussion
Comparability of methods
The multibox corer (Gerdes 1990 ) was deployed in the German Bight in 1995 for the first time in order to obtain up to nine simultaneous samples, each covering an area of 0.024 m -2 . Due to the weight of the multibox corer, a deeper penetration into the sediment can be achieved compared to van Veen grabs (cf. Ankar 1977; Thatje and Gerdes 1997) . However, we believe that this difference did not strongly influence the results of our study because most benthic species live in the upper 5 to 10 cm (Holme 1964; Kaplan et al. 1974 ) and juveniles near the sediment surface.
As sieving was done with a 0.5-mm mesh, we probably lost many of the just-settled juveniles, especially polychaetes and bivalves (Bosselmann 1984; see Gerdes 1985) . Therefore, we focus on the echinoderm fraction, which showed significant differences in abundance between the crater and its vicinity and which is the dominant taxon in the A. filiformis association (Salzwedel et al. 1985; Bischoff 1996; Thatje and Gerdes 1997) .
Present situation in the study area
The North Sea is a marine shelf area with sediments consisting of high proportions of sand, mud, and mixtures of both (Figge 1981) . These sediments are one of the most characterizing abiotic parameters for the benthic regime, especially in depositional zones like the Wadden Sea and in the inner German Bight (Eisma and Irion 1988) . During this century several benthos studies have tried to provide insight into changes in the benthic community structures of the German Bight (Stripp 1969; Gerlach 1978; Salzwedel et al. 1985; Kröncke 1990 Kröncke , 1995 Rachor 1990a; Petersen et al. 1996; Thatje and Gerdes 1997) . Such changes are caused by natural environmental variability, climatic trends, fishery activities (bottom trawling), eutrophication and pollution. Thatje and Gerdes (1997) showed again the trend of increasing abundance and biomass in the A. filiformis association and the whole inner German Bight due to eutrophication. Their study was performed after a long period without any disturbing natural events, such as severe winters or anaerobic conditions. The investigated crater is situated on a main shipping route, and is thus rarely fished. The knowledge concerning sediment transport and resuspension in the German Bight is limited, but these phenomena are important processes in our study area, and especially in the crater. Sediment analysis together with the decrease in crater depth show that the crater acts as a sediment trap, concentrating dead and live particles in its surface sediments. Do these processes affect the benthic regime?
Comparison of data from August 1995 with the data of Bischoff (1996) showed that the mean densities of adult echinoderms outside the crater were comparable in both studies. The analysis of the macrofauna composition separates the crater stations from those of the surrounding A. filiformis association. Through the years the echinoderms have been the dominating faunistic element in the crater. Compared to the outside area, the sedentarian Lanice conchilega, normally occurring in dense patches in the vicinity, occurred only seldom and less abundantly in the crater. L. conchilega needs coarser sediments to build up its tubes (Lüneburg 1969) , and such sediments are rare in the crater. Filter feeders such as bivalves with little ability to move, obviously, do not survive the high sedimentation rates in the crater, especially long-lived forms such as Mya truncata and Venus striatula, which were quite abundant in its vicinity. On the other hand, the crater traps larvae of many species, including those that are normally scarce in this area (cf. data of Thatje and Gerdes 1997) .
The higher presence of juvenile echinoderms in the crater compared to its surroundings reflects concentration and enrichment effects. Survival rates of A. filiformis can be low and range between 3 and 10% after the first 9 months (Duineveld and van Noort 1986) . Our data suggest comparably low survival rates: less than 10% of adult A. filiformis were found in April 1996 compared to the juvenile fraction in August 1995.
The ability of meroplanktonic larvae to move actively is rather limited; the distribution of larvae over greater distances is realized by transport by means of currents. Echino-and ophiopluteus larvae need between 4 and 9 weeks until settlement, depending on the environmental conditions. In the southern North Sea, echinoderm larvae reach highest abundances between June and July (Marshall 1948; Rees 1954) , contributing up to about 80% to the whole meroplankton fraction (Rees 1954; Bosselmann 1984 Bosselmann , 1989 Gerdes 1985) . After metamorphosis many freshly settled forms can often be distributed on demersal drifters, as shown by Banse (1955) who observed metamorphosed ophiuroids behaving like zooplankton in layered water bodies of the Kiel Bight and in the Kattegat. The most important factor for successful recruitment of benthic populations through larvae is a suitable habitat. Cameron and Rumrill (1982) analysed the migration of larvae by the echinoderm Dendraster excentricus. They showed that the adults release a substance that makes the sediment attractive for larval settlement. The migration ability of juveniles that have settled on the sediment is also important for the distribution, which is at first, however, dependent on bottomnear currents.
The reasons for migration and drift are numerous and include biological interactions in the water column, as well as interactions between water column and seafloorinhabitating organisms (for further details we refer to McLaren 1963; Dooley 1977; Evans 1977; Dippner 1980) . We assume passive transport combined with the sediment-trap function of the crater, to be most significant for the enrichment of meroplankton larvae. Crowe et al. (1987) showed that high densities of the brittlestar A. filiformis (2400 ind. m -2 ), which are comparable to our densities in August 1995, may inhibit recruitment of many invertebrates, as the brittlestar predates on newly settled juveniles. The percentage of ingested juveniles depends on adult population density, which varies extremely in the crater (see Fig. 5 ). In general, more adult A. filiformis (168 ind. m -2 ) were found in the crater than in its vicinity and than in the whole A. filiformis area (cf. Bischoff 1996: 34 ind. m -2 ; Thatje and Gerdes 1997: 85 ind. m -2 ). In August 1995, juveniles of E. cordatum and A. filiformis contributed over 90% to the abundance in the crater. A. filiformis is known to profit from the early phase of eutrophication by increasing abundance, biomass (Duineveld et al. 1987 ) and even its size (Josefson and Jensen 1992; Josefson et al. 1993) . The omnivorous Ophiura species, too, are assumed to influence recruitment by predation (Warner 1982; Volbehr 1995) . Volbehr (1995) analysed the stomach contents of different size classes of Ophiura and showed a wide range of macrobenthic food particles, including animals such as bivalves, polychaetes, echinoids and phoronids. Pearson and Rosenberg (1978) and, later, many authors like Rachor (1990b) and Heip (1995) , described the effects of organic enrichment on the composition of benthic communities: high organic input leads to increasing biomass and abundance values, and after further increased eutrophication 'normal' species are replaced by opportunistic species with higher densities; and, finally, the sediments may become azoic. In the crater, A. filiformis, which is normally not known as an opportunistic species in the southern North Sea, is well adapted to the enrichment.
The nutrient increase in the crater, due to high sedimentation rates, changes the sediment structure and the species composition. Adaptive, mobile suspension and deposit feeders are able to cope with these changing environmental conditions. The enhanced organic input into the bottom sediments in the crater may also cause reducing conditions in the sediment, which firstly may affect some infauna, especially large, long-living bivalves. Such conditions might be further reasons for the specific community structure in the crater. Rhoads and Morse (1971) relate the disappearance of calcareous animals, such as echinoderms and bivalves, to extended periods of anaerobic respiration in dysaerobic environments, causing dissolution of calcium carbonate by accumulation of products of glycolysis or buildup of Ca-chelating metabolites, which we believe affects the crater's fauna, too. Periods of anaerobic conditions were never observed by us, but were shown in several studies for wide parts of the German Bight and the Baltic Sea in the early 1980s (see Rachor and Albrecht 1983; Gerlach 1984; Nelissen and Steffels 1988; Niermann et al. 1990 ).
Conclusions
The crater acts like a sediment trap, collecting seston and metamorphosed larvae at its bottom. Adaptive, non-filtering suspension feeders were found regularly, and dominated in the crater. The mean densities of these species are higher in the crater than in the surrounding A. filiformis area, due to enrichment of juveniles. The high sedimentation rates in the crater support the view of increased benthic-pelagic coupling.
